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Abstract
The fruit fly Drosophila melanogaster is an excellent model organism to
study the innate immune response, because insects and mammals share
conserved features regarding the recognition and destruction of
microorganisms and Drosophila is easily accessible to genetic manipulation.
In my present study, I identified a new family of pattern recognition
molecules for bacterial peptidoglycan in Drosophila, the Peptidoglycan
Recognition Proteins (PGRP). This family of proteins is widespread in the
animal kingdom, for instance there are 4 PGRP genes in humans with
unknown function. So far, all tested PGRPs (from insects and mammals) have
been shown to bind peptidoglycan. In Drosophila, we found and characterized
13 PGRP genes, which fall into two classes: Short PGRPs and Long PGRPs.
To the short group belong PGRP-SA, SB1, SB2, SC1A, SC1B, SC2, and SD
with short transcripts and predicted extracellular proteins. The long members
are PGRP-LA, LB, LC, LD, LE, and LF with long transcripts and predicted
intracellular and membrane spanning proteins. Transcripts from the 13
different PGRP genes are present in immune competent organs, and the
majority are inducible by infection. The transcriptional regulation of the
inducible PGRP genes occurs either via the imd/Relish or in some cases
Toll/Dif pathway. My RNAi experiments in mbn-2 cells revealed that the
peptidoglycan recognition protein PGRP-LC is a major activator of the
imd/Relish pathway. In PGRP-LC deficient mbn-2 cells, Relish signalling is
almost entirely blocked. However, the complex PGRP-LC gene generates
three alternative splice forms, each of them carrying one of three possible
PGRP domains, LCx, LCy, and LCa. I found that in the tissue culture system
PGRP-LCa plays a specific role in the recognition of Gram-negative bacteria,
while PGRP-LCx is crucial for the recognition of Gram-positive and Gramnegative bacteria, and peptidoglycan. Targeted mutagenesis of the PGRP-LCa
isoform in vivo shows that the situation is more complicated than in the cell
culture experiments. In conclusion, PGRPs constitute a highly diversified
family of proteins, including key players of the innate immune response.
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INTRODUCTION
The fruit fly Drosophila melanogaster
Despite its small size of approximately 3 mm, the fruit fly is a quite well
known insect, and undoubtedly not only by scientists. Wherever I am asked to
explain, what my research is about, I earn a smile when I explain that I
investigate the immune response of those little flies, which circle around the
garbage bin in the kitchen during hot summer days. During my visits in
different countries, I collected unintentionally various Drosophila names and
synonyms, which reflect the relationship between humans and this little fly.
Hungarian winegrowers for instance call it “bormuslica”, which means wine
fly, since the flies are believed to be an important yeast source for the wine
production. In fact, fruit flies carry a substantial amount of yeast on the body
surface. In Germany and Romania I collected the names “Essigfliege” and
“musculiţă de oţet” - acidic acid fly. Acidic acid is a fermentation product
which guides fruit flies to places where their offspring can develop. The fruit
fly is a cosmopolitan insect, and even if bananas are not growing in Sweden,
nor seems the fruit fly to belong to the permanent Swedish fauna, it is called
“bananfluga” - banana fly, maybe because its appearance is correlated to fruit
imports from other countries. Fruit flies spend their entire life time in
environments which are densely overgrown by microorganisms, such as fungi
and bacteria. This thesis is about how the fruit fly can survive in such an
environment and how it defends itself against infections by various
saprophytic microorganisms.

A short biological outline
Drosophila melanogaster is an insect species which can be found almost all
over the world, but permanent populations are believed to be restricted to
places with a warm climate. The development from egg to adult (Figure 1)
takes approximately 10 days under optimal conditions (25°C and 60%
moisture). The egg stage lasts for one day and is followed by three larval
instars. The larvae feed during approximately three days on decaying fruits
and vegetables to collect energy for the coming metamorphosis. Third-instar
larvae stop feeding after their final body size is reached and spend one day to
empty their gut and to look for a good place to pupariate. The next stage is the
pre-pupa, which is developing into a pupa within a few hours. The pupal stage
8

lasts about four days. At the end of the metamorphosis the pupa becomes dark
brown. The freshly hatched fruit fly becomes ready to mate within six hours.
Females need a few days to develop their ovaries, before they can lay eggs.
The reproduction optimum lies within the first one or two weeks of adult life
and the flies can live for up to two months [1].

Figure 1: The life cycle of Drosophila melanogaster.

A model organism for the innate immune system
The fruit fly has had a big impact as a model organism for biological research.
Its small body size, the short generation time of about 14 days, the relatively
cheap maintenance of fly stocks and the little space, which flies need, are
clear advantages of Drosophila compared to other model animals, like mice
for instance. Moreover, the Drosophila genome is sequenced and numerous
genetic tools have been developed to study many kinds of biological
phenomena, which help us to understand processes and gene functions in
mammals. For this thesis, Drosophila served as a model organism to study the
innate immune system.

9

Innate and adaptive immunity
The immune system is generally divided into innate and adaptive immunity.
The innate immune system is evolutionarily very old and is present in all
animals and plants. Mammals, invertebrates and even plants have to rely on
their innate immune system to protect themselves from pathogens, but in fact
most of the time from non-pathogens. The innate immune system uses a
limited repertoire of germline encoded pattern recognition receptors for the
most common microbial surface molecules and enables the detection of the
majority of microorganisms. Since the receptor repertoire of the innate
immune response is very limited, it can not provide protection against novel
types of pathogens. Another weakness of this system is the lack of an
immunological memory, meaning that repeated infections with the same kind
of microorganism result always in the same response. Mammals have
developed a second line of defence for approximately 500 million years ago,
the adaptive immunity. Unlike the innate immune system, the adaptive system
is not based on germline-encoded pattern recognition receptors. Instead, the
genomic DNA encoding the antigen receptors (antibodies and T-cell
receptors) undergoes somatic recombination during the hematopoiesis of the
B- and T-lymphocytes, which leads to the production of receptors which can
recognize a virtually unlimited variability of antigens. The first contact with a
microorganism leads to the establishment of an immunologic memory, which
is one of the key features of the adaptive immune system. This memory
enables the secondary response to be more rapid and efficient than after the
very first contact. The huge variability of the receptors for different microbial
structures provides a good protection even against novel types of pathogens
[2].
Without the presence of the innate immune system, the adaptive immunity
would not even have a chance to start its work, before the organism is dead.
The adaptive immune system is strictly depending on innate immune
reactions, like phagocytosis and antigen presentation. Furthermore, the
adaptive immunity is by far too slow to take care of invading microorganisms
by its own, because it takes days to be established. The fact that fruit flies
happily survive injections with dense bacterial suspensions, which would
correspond to 7 litres bacterial culture injected into the body of a human,
speaks for its own. However, fruit flies lack an adaptive immune system,
which puts a limit for the usage of Drosophila for overall immunological
studies [3, 4, 5].
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Both the innate and the adaptive immune system consist of a cellular and a
humoral component. In mammals the cellular innate defence is mediated by
macrophages, mast cells and three different kinds of polymorphonuclear
leucocytes. In Drosophila, we find plasmatocytes, lamellocytes, and crystal
cells. Given their morphological and functional features, plasmatocytes in
insects resemble mammalian macrophages; they phagocytose microorganisms
and activate downstream immune reactions [2, 6].
The mediators of the cellular adaptive immune system are the T-cells, which
comprise different cell types. CD4+ cells are involved in the activation of Bcells, while CD8+ cells mediate the destruction of abnormal cells of the own
body, like tumour cells or virus infected cells. T-cells belong to the lymphoid
cell lineage and are only found in vertebrates, and there are no equivalent cells
found in insects [2].
The humoral part of the innate immune system generally consists of soluble
peptides and proteins, which are carried in the body fluid and lead to the
elimination of microorganisms. These proteins and peptides are mainly
produced in epithelial tissues, blood cells and in the liver of vertebrates or in
the fatbody of insects, which is the analogue organ to the liver. The most well
known examples are the antimicrobial peptides (in insects and vertebrates),
and the acute phase proteins (in vertebrates). The complement system is a part
of the acute phase proteins and belongs mainly to the humoral response of the
innate immune system, when the proteolytic cascade is initiated without the
presence of antibodies [2, 6, 7, 4, 5, 8].
The humoral part of the adaptive immune system consists of antibodies,
which are produced by B-cells. B-cells belong, together with the T-cells, to
the lymphoid cell lineage and are only found in vertebrates. There are no
equivalent cells found in insects. The complement system of vertebrates
belongs partly to the adaptive humoral immune system, when antibodies are
involved in its activation [2].
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Evolution and function of the innate immune
system
The innate immune system is phylogenetically the oldest immune system and
is present in all higher eukaryotic organisms. Without its existence, organisms
like plants, insects and vertebrates would never have had a chance to evolve
on Earth. Bacteria have a hundred times faster reproduction rate than
eukaryotic cells and survive under almost all conditions on our planet. This
has always put a strong pressure on higher organisms to compete with and
protect themselves from microorganisms. The establishment of such a system
which senses the presence of bacteria and fungi might have primarily arisen to
use them as a food source and later on as immune defence system [7, 4, 5].
What is the real function of the innate immune system?
If we had the chance to follow the co-evolution of a pathogenic
microorganism and its host, the most likely situation to happen would be that
the microorganism constantly changes its surface patterns to circumvent the
recognition by the host. The host instead would try to produce new pattern
recognition molecules to be able to recognize and eliminate the novel
pathogen. The outcome of such an arms-race is expected to be a rapid
evolution of both the pattern recognition receptors and the bacterial patterns.
But comparing the molecular features of the innate immune system in
distantly related species, it becomes obvious that almost all features are rather
well conserved, like e.g. the pattern recognition receptors for microbial
substances, the signalling pathways, and the antimicrobial peptides. This
raises the critical question, if the innate immune system has ever taken part in
an arms-race with pathogens. The literature about Drosophila immunity
repeatedly reflects the widespread opinion, that the innate immune system
kills pathogens. But what is presented there is almost never the killing of
pathogens, but instead of saprophytic microorganisms. Markedly, the few
known real Drosophila pathogens (Beauveria bassiana and Serratia
marcescens) kill the flies within a day even in the presence of an activated
innate immune system. Thus, we have to consider that the innate immune
system is directed against saprophytic microorganisms, rather than pathogens.
The example of a dead animal underlines this fact: As soon as the innate
immune system stops to work, the saprophytic bacteria and fungi rapidly lead
to the decaying of the body. Thus, it seems that one of the main functions of
the innate immunity is to protect us simply from decaying, as long as we are

12

still alive (Dan Hultmark - Conference presentation Czech Republic, Trest,
2003, and personal discussions), [8].

Innate immunity in Drosophila melanogaster
Animals and plants are able to detect and eliminate almost any kind of
intruding microorganisms within a very short time. In the year 1989, C.A.
Janeway Jr summarized and explained the pattern recognition hypothesis [9],
how the innate immune system is able to recognize millions of bacterial and
fungal species without using somatic recombination to increase the receptor
variability: To be able to recognize an almost unlimited number of
microorganisms with an assumedly very limited amount of germline-encoded
pattern recognition receptors, there must be highly conserved “pathogen
associated molecular patterns” present in all of the microorganisms which can
be recognized. At that time, pattern recognition receptors were just being
discovered and it was yet unknown, how many different receptors would
exist. Today this pattern recognition hypothesis is most commonly accepted,
although the term “pathogen associated molecular patterns” is somewhat
misleading, because these patterns (e.g. peptidoglycan, LPS, β-1,3-glucan) are
in fact mainly exposed by non-pathogenic microorganisms. True pathogens
instead co-evolved with their hosts and have been hiding these structures in
order to circumvent the innate immune response.
Besides the pattern recognition theory, at least two more models exist about
how an organism can sense infections. One of them is based on the idea that
foreign objects are eliminated because they fail to express normal self
markers. This model has been shown to be true in the case of natural killer
(NK) cells in mammals, which kill everything what can’t stop them by
exposing self molecules [10]. The danger model is yet another way to explain
host defences and proposes that if tissues are damaged, they send alarm
signals to induce an immune response [11].

Recognition of microbial patterns
According to the pattern recognition theory, pattern recognition is the initial
process of the innate immune response. Hereby, constitutively present pattern
recognition proteins bind to their microbial target structure, which is usually a
small molecular motif of a cell wall molecule from the bacteria or fungi. The
receptor-ligand binding initiates downstream signal transduction events and
13

the activation of the humoral and cellular immune response. The localization
of the pattern recognition receptors can be intracellular, transmembrane
spanning, or extracellular, which allows the recognition of both intra- and
extracellular microorganisms.
The best studied microbial elicitors of the innate immune response in insects
and vertebrates are peptidoglycan (PG), lipopolysaccharide (LPS), teichoic
and lipoteichoic acid, flagellin, nucleic acids from bacteria, viral dsRNA, and
β-1,3-glucan from fungi [5, 4, 12, 13].
Peptidoglycan is a unique and essential component of the cell wall of
virtually all bacteria and is not present in eukaryotes [14]. Thus,
peptidoglycan is an excellent target for the innate immune system in insects
and mammals [15]. Although peptidoglycan is a chemically very variable
molecule, the parts which are critical for the innate immune recognition are
relatively conserved. Peptidoglycan is a macromolecule of variable size and
composition (Figure 2). Its basic structure consists of long and linear sugar
chains, crosslinked by peptide chains. The sugar chains are made of two
alternating sugars: N-acetylglucosamine (GlcNAc), and N-acetylmuramic acid
(MurNAc). Peptides crosslink the sugar chains between each and every
MurNAc, giving rise to one super-molecule surrounding the entire bacterial
cell. The systematic division of bacteria into Gram-positive and Gramnegative species reflects their architecture and localization of the
peptidoglycan within the cell wall. In Gram-positive bacteria (Figure 2A),
peptidoglycan is the major component of the cell wall and can be up to 70
layers thick. Gram-positive peptidoglycan is a very diverse group of
molecules which fall into three classes. An important variation occurs at
position 3 in the peptide subunit, where usually a diamino acid is found
(meso-diaminopimelic acid (DAP), L-lysine, but also L-ornithine and others).
The great complexity and variability of especially Lys-type peptidoglycan can
be further achieved by variable stem and bridge peptides, and by the degree of
cross linking. Some Gram-positive bacteria expose their peptidoglycan on the
bacterial surface, where it is easily accessible to pattern recognition
molecules. The Gram-negative bacterial peptidoglycan (Figure 2B) differs by
several means from the diverse Gram-positive forms. This so called DAP-type
peptidoglycan is chemically rather inert and always directly crosslinked (it
never contains bridge peptides). Gram-negative peptidoglycan forms one
single layer underneath the LPS and is therefore not exposed on the bacterial
surface of Gram-negative bacteria. Notably, besides in Gram-negative
bacteria, DAP-type peptidoglycan is also present in Gram-positive bacteria,
like in Bacillus subtilis, Bacillus megaterium, Clostridium perfringens,
Corynebacterium diphteriae, Micrococcus conglomeratus, and others [14].
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Receptors for peptidoglycan exist in insects and vertebrates [4, 5, 12, 16].
The first peptidoglycan recognition protein was discovered in the lab of
Masaaki Ashida, who carried out pioneering work on the pro-phenoloxidase
system in the silk worm, Bombyx mori [17]. The PGRP family is
evolutionarily related to N-acetylmuramoyl-L-alanine amidases, like T3 and
T7 phage lysozymes [18], and the bacterial amidase AmpD [19]. These
amidases cleave peptidoglycan in a way that the glycan strands are separated
from the crosslinking peptides, resulting in a loss of immunogenicity of the
cleavage products (Figure 2C). Another class of lysozymes, to which hen’s
egg lysozyme belongs, cleave the peptidoglycan into fragments containing
lactylamide bonds, which are still highly immunogenic (Figure 2D). The
PGRP family consists of members which either have retained or which have
lost their ancient amidase activity. PGRPs with amidase activity are PGRPSC1B [20], PGRP-LB [21], mouse PGRP-L [22], and human PGRP-L [23].
Furthermore, PGRP-SB1, SB2, SC1A, and SC2 are predicted to be amidases
as well, based on their amino acid sequences [24, 20]. Binding to
peptidoglycan has been shown for all PGRPs which have been tested from
insects and vertebrates: B. mori PGRP [25], T. ni PGRP [18], D. melanogaster
PGRP-SA, PGRP-SC1B [24], PGRP-LB [21], PGRP-LE [26], the soluble part
of PGRP-LCx [27], mouse PGRP-S [18], PGRP-L [22], human PGRP-L,
PGRP-Iα, PGRP-Iβ [28], and PGRP-S [18]. Strong affinity for other
microbial substances than peptidoglycan has not yet been demonstrated for
these PGRPs. In Drosophila melanogaster, peptidoglycan recognition proteins
are the initial sensors of this bacterial cell wall component and perhaps of all
bacterial infections. There are indications that PGRPs vary in their affinity to
different peptidoglycans. However, we do not have enough knowledge about
the specificity between peptidoglycan types and PGRPs yet, and it is too early
to generalize from the facts we have. For instance, the receptor of the
imd/Relish pathway, PGRP-LC, has been shown to recognize DAP-type
peptidoglycan better than Lys-type peptidoglycan [29, 30]. The same
specificity has been shown for PGRP-LE [26]. PGRP-SA, which is known to
be involved in the bacterial recognition upstream of Toll, was believed to be a
non-enzymatic receptor for Lys-type peptidoglycan. Interestingly, Chang et
al. show that PGRP-SA has strong affinity to both Lys-type and to DAP-type
peptidoglycan. While binding of PGRP-SA to Lys-type peptidoglycan leads to
Toll signalling without cleaving the peptidoglycan, DAP-type peptidoglycan
is cleaved by PGRP-SA. In contrast to the amidase activity carried out by
some of the other PGRPs, PGRP-SA displays a for eukaryotic organisms rare
enzymatic L,D-carboxypeptidase activity [31].
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The immunological role of PGRPs in vertebrates remains unclear, even if they
are known to bind peptidoglycan. PGRP-S-deficient mice showed
susceptibility to infections with non-pathogenic bacteria, such as Bacillus
subtilis and Micrococcus luteus, but markedly not against pathogens, like
Staphylococcus aureus and Escherichia coli [32]. The human genome encodes
four PGRP genes [18, 28]. All four human PGRPs bind peptidoglycan and
Gram-positive bacteria. One of them, PGRP-L, is expressed in the liver and
displays enzymatic activity [28, 23]. Two human PGRPs are of intermediate
length (PGRP-Iα and Iβ). They are expressed in the oesophagus and do not
have enzymatic functions [28]. Human PGRP-S belongs to the short group
and is stored in granules of neutrophile leucocytes [18]. PGRPs were also
found in cow, camel and rat. Bovine oligosaccharide-binding protein (bOBP)
is a short PGRP with antimicrobial activity and is stored in granules of
neutrophiles and eosinophiles. Bovine PGRP-S can kill microorganisms that
completely lack peptidoglycan, indicating that other ligands than
peptidoglycan could be recognized by this particular PGRP [33]. In camel, a
short PGRP was isolated from milk, where it is believed to play a role in the
antibacterial defence [34]. In rat, a short PGRP is upregulated in the brain by
sleep deprivation [35].
Other mammalian receptors with the capability to recognize peptidoglycan are
the intracellular nucleotide-binding oligomerization domain (Nod)-containing
proteins Nod1 and Nod2 [36, 15, 37, 38], the cell-surface CD14 [39], and
Toll-like receptor 2 [40, 41]. However, Travassos et al. recently suggested
that Toll-like receptor 2 does not recognize highly purified peptidoglycan, and
that former studies relied on impure peptidoglycan [42]. The interaction of
peptidoglycan with recognition receptors causes the secretion of mediators of
inflammation in mammals, e.g. TNF, IL-1, IL-6, and IL-8 [43, 44].
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Figure 2: Peptidoglycan. A) Lys-type peptidoglycan from Micrococcus
luteus, here with a bridge peptide between the stem peptides. Lys-type
peptidoglycan is present in many Gram-positive bacteria and varies from
species to species. B) DAP-type peptidoglycan from Bacillus licheniformis.
DAP-type peptidoglycan is present in all Gram-negative bacteria and in
Gram-positive bacteria (Bacillus and others). C) Phage lysozymes, bacterial
amidases and many PGRPs cleave the lactylamide bonds of peptidoglycan.
D) Lysozymes like hen’s egg lysozyme digest peptidoglycan by cleaving the
GlcNAc-MurNAc bonds.
Lipopolysaccharide belongs to the most important microbial stimulators of
the innate immune response at least in mammals and perhaps also in insects.
LPS is present only in Gram-negative bacteria and covers the entire bacterial
surface. LPS is integrated in the outer membrane and consists of three regions
(Figure 3): The lipid A part forms the outer layer of the outer membrane and
is responsible for toxic shock reactions in mammals. Long polysaccharides are
covalently bound to lipid A. The polysaccharide region in close proximity to
the lipid A part consists of a conserved order of sugar residues and is called
the core. Beyond the core region, repeating units of highly variable
oligosaccharide motifs form a long polysaccharide chain, the so called Ochain. The O-chain displays a high variability between bacterial species and
strains, and is a valuable immunological marker for clinical tests.
17

Receptors for LPS are present in insects and mammals. In insects, members
of the family of β-1,3-glucan recognition proteins (also called Gram-negative
binding proteins) have been shown to bind to LPS [45, 46]. Notably, my own
results suggested that the peptidoglycan recognition protein PGRP-LC is
involved in LPS signalling in mbn-2 cells [47, 48]. The receptor isoform
PGRP-LCa is crucial for the recognition of Gram-negative, but not Grampositive bacteria, and the function of the LCa isoform has been suggested to
be a pattern recognition receptor for LPS [47]. However, contaminants in the
LPS preparation could be responsible for the observed result [30], and the role
of PGRP-LCa in LPS signalling remains to be clarified, as discussed below. In
mammals, LPS is recognized by a protein complex consisting of Toll-like
receptor 4 (TLR4), LPS-binding protein, and CD14 [49]. Homologues of the
β-GRP family, which may play a role in LPS recognition in insects, have not
been found in vertebrates yet. In moths, a family of LPS-binding immulectins
exists, from which a cockroach homologue is known, but there are no
homologues in Drosophila melanogaster and in the mosquito Anopheles
gambiae. The lipopolysaccharide-specific immulectin-2 from the tobacco
hornworm Manduca sexta has specificity for xylose, glucose, LPS, and
mannan. It is possible that dipterans and lepidopterans have evolved different
ways to recognize LPS, or that dipterans lack receptors to this substance [50,
51, 52].

Figure 3: Lipopolysaccharide.
β-1,3-glucan is an important fungal cell wall molecule which stimulates the
innate immune response in insects. This homopolysaccharide consists of β1,3-linked D-glucose units. The pattern recognition receptors for β-1,3-glucan
18

are the β-1,3-glucan recognition proteins (β-GRPs). One of the first β-GRP
was discovered in the lab of Masaaki Ashida [17, 53], who carried out
pioneering work on the pro-phenoloxidase system in the silk worm, Bombyx
mori. At about the same time, Söderhäll et al. described the first purified
β-GRP in the cockroach Blaberus craniifer [54]. Until today, several
β-1,3-glucan binding proteins have been found in insects, in earth worms and
in the horseshoe crab, but surprisingly not in vertebrates yet. The family of β1,3-glucan recognition proteins shows protein sequence homology to bacterial
glucanases, although none of the β-GRPs seems to have retained enzymatic
activity. One function of the β-GRPs is to activate the pro-phenoloxidase
cascade in insects, like in the silk moth Bombyx mori [17, 53], and in the
earthworm Eisenia foetida [55]. In the horseshoe crab β-1,3-glucan is
recognized by Factor G, a member of the β-GRP family, where it initiates the
blood clotting pathway [56]. In Drosophila melanogaster, a β-GRP (GNBP1)
is involved in the bacteria induced activation of the Toll/Dif pathway [57, 58].
Teichoic acid and lipoteichoic acid are closely related molecules present on
the surface of Gram-positive bacteria. Both of them are stimulators of the
innate immune response in mammals. We do not know if these substances
also induce the innate immune system in insects. Teichoic acid and
lipoteichoic acid consist of a polymer backbone of repeating glycerol- or
ribitolphosphates with attached sugars and D-alanine. Teichoic acid is
covalently bound to peptidoglycan, while lipoteichoic acid is anchored in the
cytoplasmatic membrane. Teichoic and lipoteichoic acid cause toxic shock,
multiple organ failure and induce the release of nitric oxide in humans [59,
60]. A recent study suggested that lipoteichoic acid is recognized by Toll-like
receptor 2 [42].
Flagellins are a of group surface-associated glycoproteins which contain
identical sulfated saccharide moieties linked via glucose to asparagines of the
apoprotein [61]. They can be present in both Gram-positive and Gramnegative bacteria and act as microbial patterns, which can be recognized by
the innate immune response of both insects and mammals. In Drosophila,
flagellin from Bacillus thuringiensis has been shown to activate the
transcription of the antimicrobial peptide Cecropin A1 in mbn-2 cells [62]. In
mammals, flagellins stimulate the innate immune response via the Toll-like
receptor TLR5 [63].
Nucleic acids are capable to induce innate immune reactions. In many
animals, double-stranded RNA provokes a response, called RNA interference
(RNAi), which has become an important genetic tool to study gene functions
19

[64] and which is thought to have a function in the defence against viruses. In
mammals, the antiviral response is much broader than in insects, including
RNAi, blockage of virus-specific translation, and the induction of interferons.
In mammals, double-stranded RNA is recognized by TLR3 [13]. Bacterial
DNA is yet another immunostimulatory molecule. It contains the for bacteria
typical CpG motifs, which are recognized by the innate immune response in
mammals via TLR9 [65].
A broad variety of ligands including microbial surface constituents and
intact microbes is recognized by the scavenger receptors. Scavenger receptors
are cell-surface proteins expressed by mammalian monocytes and
macrophages and by invertebrate hemocytes, among other cell types. There
are two scavenger receptors known in Drosophila melanogaster: Croquemort
and dSR-CI. Croquemort is an embryonic hemocyte receptor for apoptotic
cells and a member of the CD36 superfamily [66, 67]. The second receptor,
dSR-CI, is capable of recognizing both Gram-negative and Gram-positive
bacteria, but not yeast and is necessary for optimal phagocytosis [68, 69].

Figure 4: The two innate immunity pathways in Drosophila melanogaster.
The Toll/Dif pathway (left) is induced by Gram-positive bacteria and fungi
and is believed to have its main function in inducing the cellular immune
response. The imd/Relish pathway (right) is involved in the activation of the
humoral response against Gram-negative, Gram-positive bacteria and maybe
fungi.
20
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Signal transduction
The innate immune response recognizes invading microorganisms by
germline-encoded pattern recognition receptors produced by the host. In the
fruit fly Drosophila melanogaster, two major immune pathways signal the
presence of microbes and mediate the production of antimicrobial peptides,
the imd/Relish pathway and the Toll/Dif pathway [70, 12, 5, 71]. Both of these
pathways involve members of the Rel family of transcription factors, which
are similar to the human transcription factor NFκB. PGRP-LC is required for
the activation of the imd/Relish pathway [48, 72, 73]. The activation of the
Toll/Dif pathway by Gram-positive bacterial infection is mediated by the
circulating peptidoglycan recognition protein PGRP-SA [74] in concert with
GNBP1 [57, 58], and as very recently discovered, also by PGRP-SD [75]. The
signalling pathways lead to the rapid destruction of microorganisms by
antimicrobial peptides. The major organ of the antimicrobial peptide
production in insects is the fat body, an organ which is similar in its function
to the mammalian liver. Besides the fatbody, several other immunocompetent
organs are involved in the defence, like hemocytes, the gut and the epidermis.
We will now take a detailed look at the two innate immunity pathways in
Drosophila, the Toll/Dif and imd/Relish pathway.
The Toll/Dif pathway will be discussed first, since Toll was the first immune
receptor discovered in Drosophila [76]. There are two main groups of
microorganisms which can induce the Toll/Dif pathway: Gram-positive
bacteria and fungi. However, even Gram-negative bacteria can lead to a weak
induction of this pathway [77, 29]. Among Gram-positive bacteria,
Micrococcus luteus is the best example for a very strong inducer of
particularly this pathway. The recognition of this bacterium requires probably
a heterodimer consisting of PGRP-SA and GNBP1 [57, 58, 74]. GNBP1 is a
member of the β-GRP family. Both PGRP-SA and GNBP1 are circulating
proteins in the hemolymph [24, 74, 46]. The hypothetic PGRP-SA/GNBP1
complex activates a proteolytic cascade upon ligand binding, which involves
an unknown serine protease. PGRP-SD has recently been shown to act
upstream of Toll and to be necessary for the recognition of some Grampositive bacteria. PGRP-SD has a partially redundant function to the
previously described PGRP-SA/GNBP1 complex [75]. The end of the
extracellular signalling events is the cleavage of Spätzle, which then binds to
and activates the Toll receptor [78, 79]. Fungi are the second group of
microorganisms which lead to Toll-activation via a separate signal input
branch, which exists in parallel to the Gram-positive input. The most specific
known fungal inducer for this pathway is Beauveria bassiana, an insect

22

pathogen which kills the infected organism. Fungi are recognized by a yet
unknown pattern recognition receptor. The serine protease Persephone has
been shown to be involved in the Toll activation by fungi, but not by Grampositive bacteria [80]. Constitutive cleavage of Spätzle is prevented by the
serpin (serine protease inhibitor) Necrotic, which inhibits the activity of the
serine protease Persephone. Mutant flies for necrotic have a constitutively
activated Toll/Dif pathway, causing the constitutive expression of
Drosomycin, the formation of melanotic spots in the adult cuticle, and early
death [81].
Before the immunological function of Toll was known, Toll was first shown
to have a developmental function in the dorso-ventral axis formation in the
embryo [82]. Toll is a transmembrane protein with extracellular leucine-rich
repeats and an intracellular TIR domain with homology to the mammalian
IL-1 receptor. The first evidence for Toll having a function in immunity was
provided by the observation that the overexpression of a constitutive active
mutant protein Toll10B caused the constitutive induction of the downstream
gene Cecropin A [76, 83]. In contrast to what has been proposed for the Tolllike receptors in mammals, Toll is not a bona fide pattern recognition receptor
for microbial substances, but binds instead to the cleaved form of its
endogenous ligand Spätzle [78].
Most of the intracellular signalling components of the Toll/Dif pathway are
related to factors of the human IL-1 and Toll-like receptor pathways [84]. The
only exception is Tube, for which no mammalian homologue is known. The
proteins and their positions within the pathway were identified by genetic
methods and screens [85, 83, 74]. Upon activation, Toll binds to the
intracellular adapter protein MyD88. MyD88 has a conserved TIR (TollInterleukin-1 receptor) domain, with which it binds to the TIR domain of Toll
[86, 87, 88]. MyD88 also has a death domain, which is necessary for
homophilic interactions with Tube and Pelle to form a heterotrimer [89, 90,
91]. While Tube and Pelle were identified in early embryonic mutant screens,
MyD88 and Traf2 were identified by their similarity to human factors.
MyD88 is a homologue to the mammalian adapter protein MyD88. Pelle is a
serine/threonine kinase homologous to IRAK [92] and interacts with Traf2,
which shares similarity to the human factor TRAF6 [93, 94]. Downstream of
the Pelle/Traf2 complex, we find Cactus in cytoplasmatic complexes with the
transcription factors Dorsal and Dif at the resting stage [82, 95, 96]. Cactus is
a homologue to the mammalian IκB protein, which keeps transcription factors
of the Rel homology family in an inactive state, preventing them to enter the
nucleus [97]. As a result of Toll activation, Cactus becomes phosphorylated,
ubiquitinated, and finally degraded. The phosphorylation of Cactus is believed
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to be mediated by an unknown serine protease, which is downstream of the
Pelle/Traf2 complex. After the inhibitor Cactus is degraded, Dif and Dorsal
are released and can enter the nucleus. While Dorsal has a developmental
function in the embryo, Dif is involved in activating antimicrobial peptide
genes by binding to κB-like sites [98].
The most specific target gene of the Toll/Dif pathway is Drosomycin, which is
known to have antifungal activity. The Toll/Dif pathway also contributes to
the induction of Cecropins and Attacins in concert with the imd/Relish
pathway and seems to be indispensable for some Gram-positive infections,
even though this pathway contributes only little to the production of
antimicrobial peptides directed against these bacteria. The relatively limited
effect on the antimicrobial peptide induction, except Drosomycin, indicates
that the main function of this pathway is another one than inducing
antimicrobial peptides. Mutants that constitutively activate the Toll/Dif
pathway give rise to a phenotype with overreactive hemocytes, which form
melanotic masses [99], similar to the cellular response against parasitoids
[100, 101].
The imd/Relish pathway is the second pathway of the innate immune
response in Drosophila and leads to the activation of the Rel factor Relish.
Although this pathway shares similarity with the human TNF pathway (death
domains in Imd and RIP, and the involvement of caspases), there is no TNF
receptor homolog found in Drosophila. The existence of the imd/Relish
pathway was demonstrated by analysing flies which had an abolished
antimicrobial peptide response, with the exception of Drosomycin. The
mutant was called imd (immunodeficiency) [102] and affects the intracellular
protein Imd, containing a death domain [103]. We [48], together with other
research groups [72, 73] have shown that the putative transmembrane protein
PGRP-LC is the receptor of the imd/Relish pathway. Despite the common
opinion, that the imd/Relish pathway’s function is predominantly to recognize
Gram-negative bacteria, there is good evidence that PGRP-LC signals the
presence of Gram-positive bacteria and peptidoglycan, and Gram-negative
bacteria in mbn-2 cells [48]. In addition, overexpression studies on another
pattern recognition receptor have suggested the involvement of PGRP-LE in
stimulating the imd/Relish pathway and the pro-phenoloxidase cascade in
Drosophila larvae [26].
The way how PGRP-LC signals to Imd is unknown. Downstream of Imd, the
pathway branches into two paths, which lead to the cleavage of Relish. Dredd
is the homologue to the human Caspase 8, and BG4 to the human FADD.
Dredd and BG4 form a complex, which is involved in the pro-caspase
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recruitment. Dredd is needed to cleave Relish [104]. Both BG4 and Dredd
mutants are sensitive to Gram-negative bacteria [105]. Tak1 mutants have
been shown to be deficient for Diptericin induction [106]. Besides being an
important kinase in the imd/Relish pathway, Tak1 also activates the JNK
pathway, which is not required for antimicrobial peptide gene expression but
perhaps for the activation of the cellular immune response and the stress
response [107, 108]. The activation of Relish requires the Drosophila
homolog of IKK, for which Relish is the substrate [109]. The Key protein is
distantly related to the γ subunit of human IKK. IKK subunit mutants are
sensitive to bacterial infections [110]. The signals of the imd/Relish pathway
lead to the proteolytic cleavage of the transcription factor Relish. In contrast
to the p105 and p100 processing in humans, Relish processing is proteasomeindependent. Compared to the Rel family factors in the Toll/Dif pathway,
Relish consists of the transcription factor and the inhibitor in one and the same
protein. The N-terminus part of Relish contains Rel-homology transcription
factor, and the C-terminus is the IκB-like domain [111, 77, 112]. After
cleavage, the Rel domain is translocated into the nucleus and the IκB domain
remains undegraded in the cytoplasm.
Relish binds to κB-like sites, which are found in the promoter regions of
immunity-related genes, like the antimicrobial peptide genes [113, 114].
Genetic studies with mutant flies for the Relish gene revealed, that the
imd/Relish pathway has influence on all antimicrobial peptides. The
Diptericin gene stands solely under the regulation of Relish, while all the
other genes are also more or less influenced by the Toll/Dif pathway [102, 77,
115].
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The humoral response
The following chapter describes the antimicrobial peptides. From Drosophila,
at least 34 of them are known. Antimicrobial peptides do not only exist in
insects, but also in vertebrates, including humans. Altogether, there are
hundreds of antimicrobial peptides known with both antifungal and
antibacterial activity [116, 8], (http://www.bbcm.units.it/). Some of them are
broad-range antibiotics; others have a narrower specificity against
microorganisms.

Figure 5: Antimicrobial peptides in Drosophila melanogaster and their target
organisms. The left painting symbolizes fungi, the upper Gram-positive, and
the lower Gram-negative bacteria. The antimicrobial peptides are positioned
in a way that they are flanking their target organisms.
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Antimicrobial peptides
The first observations about the existence of antimicrobial peptides were
already made in 1918 by R. W. Glaser. He found that blood from previously
infected grasshoppers had the potential to kill bacteria [117]. The first
antimicrobial peptides were characterized in the moth H. cecropia and were
thus named Cecropins [118, 119]. The importance of these peptides to fight a
microbial infection was recently shown by the constitutive expression of a
single antimicrobial peptide gene such as Drosomycin or Defensin, which was
able to confer a wild-type resistance to these otherwise immunodeficient flies
against certain microorganisms [120]. The majority of antimicrobial peptides
fall into three different classes based on structural differences:
(i)
Peptides with intra-molecular disulfide bonds forming hairpin-like
β-sheets or mixed α-helical/β-sheet structures;
(ii)
Peptides forming amphipathic α-helices;
(iii) A heterogeneous group of peptides with a high number of proline
and/or glycine residues.
We will now take a look at the families of antimicrobial peptides, which are
relevant for the humoral immune response in Drosophila melanogaster.
Cecropins are broad-spectrum antibiotics with activity against both Grampositive and Gram-negative bacteria [119] and even many fungi, but not
against the insect pathogens Beauveria bassiana [121] or Bacillus
thuringiensis [122]. Upon contact with bacterial membranes, the 37 amino
acid residue random coil peptides fold into two-helix structures. These helices
are amphipathic and believed to disrupt bacterial membranes [123, 124].
However, the mechanism of how the killing of microorganisms occurs is still
in debate. The Drosophila melanogaster genome contains four Cecropin
genes and two pseudogenes: CecA1, CecA2, CecB, CecC, Cec-Ψ1, and
Cec-Ψ2 [125, 126].
Attacin [127] and diptericin [128] belong to the same family of long,
glycine-rich polypeptides. Both of them inhibit the growth of Gram-negative
bacteria [128, 129]. Attacin is the largest of the antimicrobial peptides and
was first found in H. cecropia [127]. The peptide contains two C-terminal
glycine-rich domains that have to be cleaved off in order to achieve full
antimicrobial activity [130]. In Drosophila melanogaster, four Attacin genes
have been found: AttA, AttB, AttC, and AttD [131, 132, 115].
Diptericin contains a glycine-rich region at the C-terminus and a short
proline-rich region at the N-terminus. Diptericin is an O-glycosylated peptide
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[133] and was first isolated in larvae of the Dipteran Phormia terranovae
[128]. In Drosophila melanogaster, two Diptericin genes (DptA and DptB)
have been found [134, 115].
Insect defensins are cysteine-rich, contain three disulfide bridges and are
effective against a wide range of Gram-positive bacteria [135]. They are also
found in molluscs and should not be confused with defensins in mammals
[116]. Insect defensins were first isolated from a cell line derived from the
flesh fly S. peregrina [136] and black blowfly larvae of P. terranovae [137].
The mature peptide is obtained after endoproteolytic cleavage [138]. In
Drosophila melanogaster, there is only one Defensin gene known: Def.
Drosocin is a short proline-rich peptide that contains an O-glycosidic
substitution [139] and is mainly active against Gram-negative bacteria [140].
One Drosocin gene (Dro) has been described in Drosophila melanogaster
[141].
Metchnikowin is a strongly cationic proline-rich peptide with growth
inhibitory activity against Gram-positive bacteria and fungi. Metchnikowin
was isolated from adult Drosophila. It has to be cleaved into an active form
[142]. In Drosophila melanogaster, one Metchnikowin gene Mtk gives rise to
two isoforms.
Drosomycin was the first insect peptide shown to be antifungal [143]. This
peptide contains four disulfide bonds and is resistant to heat treatment,
proteases, and pH alterations in vitro. Seven Drosomycin genes have been
found in Drosophila melanogaster: Drs, Drs-l, dro2, dro3, dro4, dro5, and
dro6. However, only the expression of Drs has been studied [144, 143].
Andropin is a male-specific antibacterial peptide that is expressed in the
ejaculatory duct and active against Gram-positive bacteria. In Drosophila
melanogaster, one Andropin gene has been described: Anp [145]. Notably,
Andropin is closely related to Cecropins.
Lysozymes do not seem to play the same immunological role in Drosophila
[146] as they do in Lepidoptera [147]. The function of lysozymes is to
degrade peptidoglycan. In Lepidoptera, lysozymes are induced in concert with
other antimicrobial peptides, while in Drosophila melanogaster lysozyme is
constitutively expressed in the digestive tract, probably to digest bacteria in
the food. Lysozyme activity has been detected both in the gut lumen and in
the hemolymph [148].

28

The cellular response
The hemocytes in Drosophila melanogaster participate in the humoral and
cellular immune responses [149] and can apparently distinguish self from nonself. They contribute to the synthesis of antimicrobial peptides [150, 151],
phagocytose microbes [152] and encapsulate larger foreign objects such as
eggs of parasites [100]. In contrast to the well studied humoral immune
response of Drosophila melanogaster, very little is known about the molecular
mechanisms of the cellular immune response. We find three hemocyte
lineages: the plasmatocytes, the crystal cells, and the lamellocytes. Drosophila
hematopoiesis occurs first in the embryo, and then in a second round during
larval stages. In view of the fact that the lymph glands do not release
hemocytes before the onset of metamorphosis under non-immune conditions,
all hemocytes found in the larval hemocoel represent embryonic hemocytes
[153]. Lymph glands consist of paired lobes which are located along the
dorsal vessel. The posterior lobes contain mainly prohemocytes, which are
undifferentiated hemocytes. More anteriorly there are fully differentiated
hemocytes present. The majority of the circulating hemocytes are
plasmatocytes, and only five percent are crystal cells. Finally, the lamellocytes
are the third hemocyte lineage that exists in larvae. In healthy larvae, this cell
type is rarely observed. Massive production of lamellocytes is caused by
parasitoids, like wasps [6, 154].
Phagocytosis
Phagocytosis is a ubiquitous process in a wide range of animal classes. The
process starts with the attachment of the phagocyte to the targeted particle.
After the establishment of a tight connection between them, the cytoskeleton
of the phagocyte undergoes changes in order to internalize the object. The
engulfed targets are captured within phagosomes, which fuse with lysosomes
to form phagolysosomes. In the phagolysosomes, the lysosomal enzymes,
reactive oxygen species and nitric oxide come in contact with the foreign
particles and destroy them [2]. The processes of actin remodelling and vesicle
trafficking are likely to be conserved between invertebrates and vertebrates
[72].
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The pro-phenoloxidase cascade
Melanization in arthropods is an important component of the innate immune
response. After bacterial or fungal infection, nodules with an incorporated
black pigment (melanin) are formed as a result of the activation of the prophenoloxidase cascade. This cascade converts tyrosine to melanin [155, 156].
Besides the pigment melanin, numerous cytotoxic compounds are formed,
which can play a role in the killing of bacteria and parasitoids. Since these
products are said to harm the host, the reaction has to be locally restricted,
which is achieved by serpins and also by the tendency of activated
phenoloxidase to aggregate [155]. In Drosophila, Serpin-27 A restricts the
phenoloxidase activity to the site of injury or infection [157, 80]. The
melanization reaction starts with a cascade of serine proteases that cleave the
zymogen pro-phenoloxidase to its active form. The mature enzyme
phenoloxidase oxidizes phenols to quinones, which form melanin by
polymerization [155]. In the genome of Drosophila melanogaster, three prophenoloxidase genes are present [158]; Berkeley Drosophila Genome Project
(BDGP). In larvae they are specifically expressed in crystal cells, which
rapidly disrupt after activation to deliver their content into the hemolymph
where the enzymes can function [6, 159].
Encapsulation
The encapsulation is an essential innate immune reaction in Drosophila
melanogaster and is carried out by lamellocytes together with plasmatocytes
[154, 160]. When a foreign particle is too big to be phagocytosed,
lamellocytes start to differentiate and to proliferate rapidly in response to a yet
unknown signal. Approximately 50 Hymenoptera species are known to be
parasitoids in Drosophila. Once a wasp female lays an egg into a young
Drosophila larva, the innate immune response of the larva is immediately and
specifically switched on to produce lamellocytes and finally to encapsulate the
wasp egg [161]. When a capsule is built, a layer of proteins is first formed on
the chorion, followed by layers of plasmatocytes and lamellocytes [162].
However, the signalling molecules which guide the hemocytes to the foreign
object are unknown. In concert with the lamellocyte proliferation, also the
crystal cell numbers increase, which are needed for the melanin formation in
the anti-parasitoid defence [163]. Within the capsule, the parasitoid is likely to
be killed by the local production of free radicals, quinones or semiquinones
[164, 159].
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RESULTS AND DISCUSSION
The history of PGRP research
Peptidoglycan recognition proteins play the central role in my thesis. I will
start with a historical overview, where all important discoveries in this field
are listed (Figure 6). Altogether, 35 PGRP genes from five mammalian and
seven insect species have been published. My personal feeling is that
members of this protein family will be found in a great number of species
throughout the animal kingdom. In this thesis I will discuss the 13 PGRP
genes which we found in Drosophila melanogaster.

Figure 6 (pages 32 and 33): The history of PGRP discoveries. The articles
which are included in my thesis are indicated with bold letters.
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1986

First PGRP discovered: Bombyx mori-PGRP (short) activates the
pro-PO cascade [17].

1996

Bombyx mori-PGRP (short) is purified and binds to
peptidoglycan [25].

1998

Cloning of the mouse tag7 gene (PGRP-S) encoding a novel
cytokine is described [165].
Trichoplusia ni-PGRP (short) is cloned and binds to
peptidoglycan [18].
Mouse PGRP-S is cloned and binds to peptidoglycan [18].
Human PGRP-S (short) is cloned and mainly expressed in the
bone marrow [18].
Calpodes ethlius-PGRP (short) is a cuticle protein during
moulting [166].

1999
2000

2001

2002

Bombyx mori-PGRP (short) is an inducible immune gene [167].
Mouse PGRP-S (short) is expressed in neutrophiles and bone
marrow [168].
Anopheles gambiae-PGRP (short) is an inducible immune gene
[169].
A diverse family of PGRP consisting of at least 12 genes is
described in Drosophila melanogaster. Long members of the
PGRP family are described for the first time. PGRP-SA and
PGRP-SC1B bind to peptidoglycan [24].
Rat PGRP-S (short) is induced in the brain by sleep deprivation
[35].
Human PGRP-L, PGRP-ID and PGRP-IE are cloned and bind to
peptidoglycan [28].
PGRP-SA is needed for the Gram-positive bacteria-induced
activation of the Toll/Dif pathway [74].
PGRP-LC is needed for the induction of the imd/Relish pathway
by Gram-negative bacteria [73].
PGRP-LC is needed for the induction of the imd/Relish pathway
by Gram-negative bacteria and is said to play a role in the
phagocytosis of Gram-negative bacteria [72].
PGRP-LC, in particular the LCx isoform, is needed for the
activation of the imd/Relish pathway by Gram-positive and
Gram-negative bacteria [48].
Bovine oligosaccharide binding protein is a short PGRP with
antimicrobial activity. It is stored in granules of neutrophiles and
eosinophiles [33].
Anopheles gambiae-PGRPs are described: Three short and four
long members exist [170].
PGRP-LE binds to DAP-type peptidoglycan and its
overexpression activates the imd/Relish pathway and the pro-PO
cascade [26].
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2003

PGRP-SC1B from Drosophila melanogaster cleaves
peptidoglycan (amidase activity) and obliterates its
immunostimulatory effect [20].
Mouse PGRP-L is said to bind to bacteria and peptidoglycan
without the need of its PGRP domain [171].
Mouse PGRP-S is stored in neutrophile tertiary granules and is
important for the defence against non-pathogenic, but not against
pathogenic bacteria [32].
In mbn-2 cells, PGRP-LCa is needed for the recognition of
Gram-negative bacteria. PGRP-LCx recognizes Grampositive, Gram-negative bacteria and peptidoglycan. The 13th
Drosophila PGRP gene is described: PGRP-LF [47].
Mouse PGRP-L is expressed in the liver and displays amidase
activity [22].
Drosophila melanogaster PGRP-LB is an amidase and its crystal
structure is solved [21].
Human PGRP-L displays amidase activity [23].

2004

Mouse PGRP-S and PGRP-L are expressed in Peyer’s plaques
with a distinctive cellular distribution [172].
Holotrichia diomphalia PGRP-1 and PGRP-2 (short) bind to E1,3-glucan and peptidoglycan. PGRP-1 can activate the pro-PO
cascade [173].
PGRP-SA and GNBP1 from Drosophila melanogaster jointly
activate the Toll/Dif pathway in response to Gram-positive
bacteria, but not to fungi or Gram-negative bacteria [57].
The PGRP genes from Drosophila melanogaster did not coevolve with pathogens [174].
A long PGRP is described as a constitutively expressed and noninducible gene in honey bee larvae [175].
PGRP-SA and GNBP1 from Drosophila melanogaster jointly
activate the Toll/Dif pathway in response to Gram-positive
bacteria, but not to fungi [58].
The crystal structure of human PGRP-ID is solved. Both PGRPID and PGRP-IE consist of two PGRP domains [176].
PGRP-LCa does not recognize LPS, but a peptidoglycan
metabolite of Gram-negative origin (anhydro-muropeptide) [30].
PGRP-SA from Drosophila melanogaster could have an
enzymatic function, and its crystal structure is solved [177].
Mouse PGRP-S plays a role in the anti-cancer response [178].
Camel PGRP (short) is present at high concentrations in the milk
[179].
Mouse PGRP-L is largely dispensible for mammalian immunity
[180].
PGRP-SA displays L,D-carboxypeptidase activity and cleaves
DAP-type, but not Lys-type peptidoglycan [31].
PGRP-SD acts upstream of Toll and recognizes some Grampositive bacteria [75].
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The family of peptidoglycan recognition proteins in
Drosophila melanogaster (Paper 1)
At the start of my project, there was only one PGRP gene known in each of
the following four species: Bombyx mori, Trichoplusia ni, mouse and human.
We expected a similar situation in Drosophila melanogaster and could predict
one PGRP gene on the X-chromosome. To our surprise, we found later that
the PGRP gene diversity in Drosophila is much greater than we believed
before. We described a novel family of at least 12 PGRP genes and showed
for the very first time the existence of the long PGRPs in Drosophila and also
in humans. This article [24] is the first publication about Drosophila PGRPs
and is of descriptive nature. One of the most striking findings was the
possibility of alternative splicing in the PGRP-LC gene cluster. Later we [48]
and others [72, 73] found that PGRP-LC is the receptor of the imd/Relish
pathway. Based on our sequences, other research groups showed later the
active sites of PGRPs that have amidase activity (PGRP-SC1B [20] and
PGRP-LB [21]).
The main results from today’s point of view
The family of PGRP genes is of ancient origin and the members are separated
by long evolutionary histories, indicated by their chromosomal localization,
DNA sequence divergence, and variable intron positions. The PGRP genes are
widespread over the Drosophila melanogaster genome and found at eight
chromosomal positions ranging from the first to the third chromosome.
Drosophila PGRPs are not more closely related to each other than to the
vertebrate PGRPs. Only a few clustered genes, like the PGRP-SC genes, show
a high similarity in both DNA sequence and tissue expression pattern and
might have arisen from recent duplications. The intron positions differ widely
between the PGRP genes. All short PGRP genes are believed to have arisen
from one ancestral gene containing two introns in the conserved PGRP
domain, like in PGRP-SA. We assume that introns have been lost during the
evolution of some the short PGRPs, resulting in genes with just one (PGRPSB2) or no intron (PGRP-SB1, SC1A, SC1B, SC2, SD). Notably, even some
members of the long class of PGRPs have each one conserved intron position
in common with the short PGRPs, namely PGRP-LB and human PGRP-L.
The introns of all the other long PGRPs in Drosophila can be found on five
different positions. None of these positions is identical with those of the short
PGRPs, indicating that the long and the short class of PGRPs are very
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distantly related to each other. It is likely that PGRP-LB and human PGRP-L
are more closely related to the short PGRPs [24].
During development, most of the PGRP genes could be detected in all
postembryonic stages (Figure 7). A striking exception is the PGRP-SB2 gene,
which is exclusively expressed in prepupae. PGRP-LD and LE transcripts are
highly expressed in 0- to 5-h-old embryos and in adult females, indicating that
they are probably maternally derived. PGRP-LA, LB, SD, and the longer
transcripts of PGRP-LD become active later in the embryonic development. In
the early larval stages, additional PGRP genes become constitutively
expressed and remain active at variable levels until the adult stage. PGRP-SA,
SB1, and SD transcripts were found only at very low levels in uninduced
animals. In order to demonstrate the role of the PGRPs in the innate immune
response, we investigated their inducibility after immune stimulation. The
following ten PGRP genes of Drosophila melanogaster are inducible by
infection: PGRP-LA, LB, LC, LF, SA, SB1, SC1(A/B), SC2, and SD. Most of
the short genes and PGRP-LB are strongly inducible in immune competent
organs, like the fat body, hemocytes, epithelium, and the gut [24]. The tissue
distribution of all PGRPs is summarized in Figure 8.

Figure 7: Developmental expression of the 13 PGRP genes in Drosophila
melanogaster embryos; first, second, and third instar larvae; prepupae (photo
not shown); pupae; and adult flies. Inducible PGRP genes are underlined.
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Figure 8: Tissue specific distribution of the PGRP transcripts in third instar
larvae, analysed by Northern blot analysis. F = fat body; H = hemocytes;
G = gut; C = carcass. Black areas indicate the tissue(s) in which each
particular gene is either constitutively expressed or inducible. The short genes
PGRP-SB1, SB2, SC1A, SC1B, and SC2 are summarized as groups SB and SC,
respectively.
Before our work was published, PGRPs of three species (Bombyx mori,
Trichoplusia ni, and mouse) were shown to bind to peptidoglycan [25, 18].
We demonstrated the binding of Drosophila melanogaster PGRP-SA and
SC1B to peptidoglycan of the Gram-positive bacterium Micrococcus luteus.
Today we know a lot more about the functions of both proteins. PGRP-SA is
an important pattern recognition receptor for Gram-positive bacteria of the
Toll/Dif pathway [74] and is believed to act as a heterodimer together with
GNBP1 [58, 57]. PGRP-SC1B is a gut specific protein and displays amidase
activity [20]. Peptidoglycan which is treated with PGRP-SC1B protein looses
its immunostimulatory effect, and it is therefore believed that the function of
PGRP-SC1B is to switch off the innate immune response [27, 20]. However,
there is an alternative way to explain the function of this protein: The high
constitutive expression of PGRP-SC1B in the gut might indicate a function in
the digestion of bacteria that are present in the food. Thus, PGRP-SC1B does
not necessarily have to be involved in the innate immune response. Recently,
Bischoff et al. [75] published that PGRP-SD functions as a receptor for some
Gram-positive bacteria upstream of Toll and shows partial redundancy with
the PGRP-SA/GNBP1 complex.
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The transcriptional regulation of the PGRP genes
(unpublished)
Ten out of 13 PGRP genes in Drosophila are inducible after infection [24]. In
order to understand which innate immunity pathways regulate the PGRP
induction, I used mutants of the Toll/Dif and the imd/Relish pathway and
injected them with Micrococcus luteus and Enterobacter cloacae. The
expression of six inducible PGRP genes with high transcript levels was
analysed by Northern blot analysis (Figure 9).

Figure 9: Both the imd/Relish pathway and the Toll/Dif pathway contribute to
the induction of the different PGRP genes. One day old flies were injected
with a 1:10 diluted over night culture of either Micrococcus luteus Ml11 (lut)
or Enterobacter cloacae β12 (clo). As controls I used uninjected flies (C).
15 µg total RNA per lane from males (left) and females (right) was loaded in
pairs. Equal loading was confirmed by ethidium bromide staining on all six
blots of this experiment (not shown). The following genotypes were used:
Canton S (Umeå Stock Center), RelE20 [77], nec1/nec2 [181],
Dpt-lacZ; b pr imd [102], Toll10b [182], Tl632/e tl1-XRA [85],
y w DD1;cn bw dif 2 [96]. All flies were kept in 25°C with the exceptions
nec1/nec2 (20°C) and Tl632/e tl1-XRA (29°C).
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Both the imd/Relish pathway and the Toll/Dif pathway contribute to the
induction of PGRP genes (Figure 9). PGRP-SB1, SD and LB are solely
regulated by the imd/Relish pathway. PGRP-SA, SC1, and SC2 appear to be
regulated by both pathways in concert. All six genes are inducible by
infection. Notably, PGRP-LB responds to Enterobacter cloacae but not to
Micrococcus luteus.
We compared our results with the microarray raw data published by De
Gregorio et al. [183], who monitored the effect of mutations affecting the
Toll/Dif and imd/Relish pathways on the expression programme induced by
septic injury in adults of Drosophila melanogaster. Taken together, our results
obtained for PGRP-SA, SB1, SC2, SD, and LB are in accord with the
microarray data. The only difference we observed was that in the microarray,
PGRP-SC1 showed a reduction in the transcript level after septic injury (a
mixture of Micrococcus luteus and Escherichia coli), while we saw a slight
inducibility after injection of either Micrococcus luteus or Enterobacter
cloacae. This difference could be due to the different application of bacteria
(mixture versus clean culture).
In conclusion, the regulation of the inducible PGRP genes occurs via both
innate immunity pathways in Drosophila melanogaster. Thus, PGRPs are in
general not only upstream key regulators of the imd/Relish and Toll/Dif
pathway, but they are also downstream targets of these pathways.

Requirement for PGRP-LC in antibacterial immune
responses (Paper 2)
In my second article [48] we suggest that PGRP-LC is a pattern recognition
receptor of the imd/Relish pathway. This result has been confirmed by two
other groups using different approaches [73, 72]. In addition to that, we found
that the PGRP-LCx isoform is crucial for almost the entire induction of the
humoral immune response in vivo. This striking result speaks against the
previous expectation that PGRPs have highly redundant functions. We show
that both Gram-positive and Gram-negative bacteria induce the imd/Relish
pathway via PGRP-LC equally well, which stands in contradiction to the
commonly stated oversimplification, that the imd/Relish pathway is Gramnegative-specific.
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The main results from today’s point of view
Our in vivo experiments demonstrated that the putative transmembrane protein
PGRP-LC is absolutely required for the induction of the NF-κB family
transcription factor Relish. In PGRP-LC mutant larvae the transcription factor
Relish fails to be cleaved in response to infection, clearly demonstrating that
PGRP-LC acts upstream of Relish. In the absence of PGRP-LC, almost the
entire humoral immune response is blocked in response to Gram-positive and
Gram-negative bacteria. The PGRP-LCx mutant (ird72) and the PGRP-LC
null mutant (ird71) have strikingly similar phenotypes, indicating that the
induction of the humoral immune response seems to rely almost entirely on
the PGRP-LCx isoform. This is an unexpected result and raises the question,
why Drosophila needs as many as 13 PGRP genes, when already one single
isoform of PGRP-LC is enough to take care of the imd/Relish pathway.
However, we do not know anything about the function of PGRP-LD yet,
which could in principle also lead to a similar phenotype when mutated. One
possibility to explain the strong phenotype of the PGRP-LCx mutant is that
PGRP-LC recognizes mainly non-pathogenic Gram-negative and Grampositive bacteria, while for instance PGRP-LA and LD could be involved in
the recognition of real Drosophila pathogens and could recognize different
peptidoglycan structures. Our knowledge about bacterial Drosophila
pathogens is very limited and the functions of PGRP-LA and LD remain to be
discovered. Concerning the high number of PGRP homo- and heterodimers
which theoretically could be formed in Drosophila, the broad variety of
PGRPs could also be understood as a protection against novel pathogens.
The rescue experiments of the PGRP-LC mutant flies have shown that the
humoral immune response can be re-established by overexpressing either the
PGRP-LCa or PGRP-LCx isoform alone in ird71 mutants. As all PGRP-LC
isoforms have identical intracellular parts, and assuming that overexpression
leads to auto-dimerization and activation of the receptors, it seems obvious
that the overexpression of either isoform (LCa and LCx) should be able to
rescue our phenotype. Surprisingly, overexpression of PGRP-LCa also
rescues the inducibility of this pathway by Escherichia coli in a PGRP-LC
null mutant background, which shows that PGRP-LCa alone can sense
bacterial infections. This is in contrast to the results seen in the tissue culture
system.
I used mbn-2 cells, a hemocyte-like cell line, in which I sequentially knocked
down PGRP-LA and PGRP-LC by RNA interference (RNAi). The experiment
shows that the removal of PGRP-LC from the cells leads to a dramatic
decrease of the imd/Relish pathway-mediated humoral immune response down
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to the constitutive expression level. This decrease was observed for inductions
with peptidoglycan from Micrococcus luteus and live Escherichia coli
bacteria, clearly showing that the imd/Relish pathway responds to both Grampositive and Gram-negative bacteria. In contrast, PGRP-LA was not involved
in the signalling events [48].
The way how PGRP-LC transmits the signal into the cell is not known. The
intracellular part of PGRP-LC has no known sequence similarities to
intracellular signalling domains [24]. It is possible that PGRP-LC acts as a coreceptor and that the activation of the death domain protein Imd requires
additional unidentified proteins.
Gottar et al. used another PGRP-LC null mutant in their experiments and
noticed that the induction of the antimicrobial peptide genes Attacin, Cecropin
and Diptericin was not completely abolished after an infection by Escherichia
coli. Therefore they concluded that the recognition of Gram-negative bacteria
does not solely depend on the imd/Relish pathway [73]. One possible
explanation for this observation could be that the Toll/Dif pathway partly
responds to Gram-negative infections, as shown by Hedengren et al. [77] and
Leulier et al. [29]. Alternatively, PGRP-LE or other receptors could display a
partially redundant function and induce the imd/Relish pathway in a PGRP-LC
independend manner. Takehana et al. reported that overexpressed PGRP-LE
can activate the pro-PO cascade and induces antimicrobial peptide genes via
the imd/Relish pathway in larvae [26]. However, the pro-PO cascade is in
general easily activated, and the observed phenotype might be an artefact
caused by the overexpression of PGRP-LE. Conclusive evidence for PGRPLE as being a pattern recognition receptor of the imd/Relish pathway has to
await a loss-of-function mutation.
Taken together, the receptor function of PGRP-LC in the imd/Relish pathway
was demonstrated in three independent publications [48, 73, 72].

Functional diversity of the Drosophila PGRP-LC
gene cluster (Paper 3)
In my third article [47], we show for the first time experimental evidence for
the existence of transcripts of all five PGRP domains downstream of the first
three exons of PGRP-LC. Three transcripts are generated by alternative
splicing of the complex PGRP-LC gene. Two of these PGRP-LC isoforms
play unique roles in the response to different microorganisms, and PGRP-LCa
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plays a critical role in the response to Gram-negative bacteria. Finally, we
describe the 13th PGRP gene in Drosophila melanogaster, PGRP-LF. This
gene consists of the two furthest downstream PGRP domains in the PGRP-LC
gene cluster [47], which we previously described [24].
The main results from today’s point of view

Figure 10: The PGRP-LC gene cluster on the left arm of the third
chromosome. Open reading frames are indicated in boxes. Black boxes
indicate the PGRP domain.
Besides PGRP-LA, the PGRP-LC locus contains five PGRP homology
domains: a, x, y, z, and w (Figure 10). Two of them were shown in my
previous articles to be expressed in the alternatively spliced PGRP-LCa and
PGRP-LCx transcripts [24, 48]. In my third article [47], we identified that the
neighbouring domains y, z, and w are expressed in transcripts. The y domain is
expressed in a third alternative splice form of the PGRP-LC gene. The
function of PGRP-LCy is still unknown. We also defined PGRP-LF as the
13th gene in the Drosophila genome. The encoded 369-amino acid PGRP-LF
protein includes the z domain in exons 2 and 3 and the w domain in exon 4.
PGRP-LF does not overlap with the PGRP-LC transcripts and therefore
defines a unique gene. The function of PGRP-LF is still unknown.
We investigated the role of PGRP-LC transcripts in the response to different
microorganisms. RNAi against the PGRP-LCx isoform abolished the immune
response to all tested Gram-positive and Gram-negative microorganisms,
whereas dsRNA against PGRP-LCa only affects the inducibility by Gramnegative bacteria and LPS [47].
The role of LPS has been intensively discussed, and the common opinion is
today that LPS does not stimulate the innate immune response at all in
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Drosophila melanogaster, and that all the induction by LPS samples is caused
by contaminations within the sample [4, 29, 30].
We did RNAi in mbn-2 cells and could show that both PGRP-LCa and PGRPLCx are required for the induction by peptidoglycan-free LPS, which we
generated by removal of peptidoglycan contaminants by PGRP-SC1B pretreatment. However, Kaneko et al. [30] have later shown that anhydromuropeptide, a DAP-type peptidoglycan metabolite, signals via PGRP-LCa.
This anhydro-muropeptide can be completely digested by mouse PGRP-L, but
not by PGRP-SC1B. I repeated my experiments and used LPS which has been
pre-treated with either of the two enzymes. While PGRP-SC1B treated LPS
induces via PGRP-LCa and LCx, the mouse PGRP-L treated LPS completely
lost its ability to induce a humoral response (Figure 11). This result indicates
that small peptidoglycan fragments could account for the PGRP-LCa specific
induction.

Figure 11: LPS is unlikely to induce the humoral immune response in mbn-2
cells. The cells were treated with dsRNA and induced with LPS. 15 µg total
RNA was loaded per lane.
Kaneko et al. have suggested that minimal amounts of anhydro-muropeptide
strongly induce the immune response of S2 cells in a PGRP-LCa dependent
manner and that they may be a contaminant in commercial LPS [30]. If small
peptidoglycan fragments really would have this strong effect on the immune
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response, then it should be possible to see it in sterile filtered culture
supernatant of Gram-negative bacteria as well. However, in my hands, neither
culture medium from Escherichia coli O55:B5 (wildtype) nor from
Escherichia coli SN 0302 (an AmpD mutant, which overproduces anhydromuropeptide) gave the expected strong induction (data not shown).
In order to investigate the function of the PGRP-LCa isoform in vivo, I used
P-element mobilization to create mutant flies, which lack the entire LCa
domain. As a result (Figure 12), the experiment shows that PGRP-LCa is not
necessary for the humoral immune response in vivo. This is a contradictory
result to my cell culture experiments, where both PGRP-LCa and LCx were
required to signal Gram-negative bacteria [47]. One obvious possibility to
explain the lack of a PGRP-LCa in vivo phenotype is the fact that PGRP-LCx
is still present and sufficient to recognize peptidoglycan in order to activate a
response. Alternatively, PGRP-LCa could have a redundant function in vivo,
while cultured cells lack certain proteins and PGRP-LCa becomes suddenly
crucial. The result that PGRP-LCa does not have a crucial function for the
antimicrobial peptide induction in vivo is in agreement with our publication
[48], where we showed that PGRP-LCx overexpression alone is sufficient to
rescue the PGRP-LC mutant phenotype.
As mentioned above, overexpression of PGRP-LCa in a PGRP-LC null
background is able to re-establish both the constitutive expression and the
inducibility of antimicrobial peptides in adult flies [48], indicating that this
isoform could be involved in bacterial recognition. However, a proper
understanding of the function of PGRP-LCa requires a better knowledge about
the tissue distribution of the PGRP-LC isoforms. It is for instance still an open
question, if PGRP-LC is at all expressed in the fatbody, the main site of
antimicrobial peptide production.
PGRP genes which give rise to more than one isoform with different PGRP
domains have been found so far only in insects. They are: PGRP-LC in
Drosophila melanogaster [24, 48, 47], and PGRP-LA and PGRP-LC in the
mosquito Anopheles gambiae [170]. Notably, the PGRP-LC gene cluster in
the mosquito is similar to that of Drosophila melanogaster, but differs by the
following means: In the mosquito, two alternatively spliced isoforms of
PGRP-LA exist, and the PGRP-LF gene is missing. The mosquito PGRP-LC
gene encodes three alternative isoforms like in Drosophila, although there is
no equivalent to the more distantly related LCa domain from Drosophila
[170]. It is likely that all of these PGRPs function as receptors for bacteria.
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PGRPs consisting of two tandem-PGRP domains are Drosophila PGRP-LF
[47], and human PGRP-Iα and PGRP-Iβ [28, 176]. Human PGRP-Iα and
PGRP-Iβ were found to be exclusively expressed in the oesophagus [28] and
are predicted to be secreted extracellular proteins [176]. Almost nothing is
known about innate immunity in the oesophagus, but the need for
antimicrobial mechanisms to protect its epithelium is obvious. PGRP-Iα,
PGRP-Iβ, and PGRP-LF are not predicted to have amidase activity, which
makes a receptor function for bacteria likely [28, 176, 27].

Figure 12: PGRP-LCa is not required for the antimicrobial peptide induction
in vivo. An equal mixture of four days old males and females were washed in
ethanol (Alc.) and thereafter induced for 6 hours with either sterile Ringer,
sterile poly-divinylbenzene beads (beads only), Micrococcus luteus Ml11 (M.
lut.), Bacillus subtilis (B. subt.), Bacillus megaterium Bm11 (B. mega.),
Enterobacter cloacae β12 (E. clo.), Erwinia carotovora SSC3193 (E. carot.),
Escherichia coli O55:B5 (E. coli), or LPS covered poly-divinylbenzene beads
(LPS beads). Bact. = washed live bacteria, PG = insoluble peptidoglycan.
LPS-covered poly-divinylbenzene beads were used as an additional control.
15 µg total RNA was loaded per lane.
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CONCLUDING REMARKS
When I started my PhD project about the peptidoglycan recognition proteins
in 1998, the genome of Drosophila melanogaster was not yet sequenced. The
only PGRP gene which could be predicted from Drosophila databases was the
gene that we named later PGRP-SA. At that time there were just a few moth
PGRPs and some human homologues newly discovered. As soon as I intended
to start a directed mutagenesis for the PGRP-SA gene, the plans were
suddenly changed because the Drosophila databases became filled with new
PGRP homologues, which attracted our attention. We decided to investigate
all of them and described at least 12 members of the PGRP family in
Drosophila. At that time, we knew that PGRP-SA and PGRP-SC1B can bind
to peptidoglycan. We suggested a function in immunity for many Drosophila
PGRPs, which were inducible by bacterial infections in immunocompetent
organs. It was stimulating to see how the PGRP family has become a popular
field of research since then. Genetic studies revealed the function of PGRPSA, which was shown to be a pattern recognition receptor in the Toll/Dif
pathway. This result was followed by another important discovery made by
four independent research groups (including us), that PGRP-LC is the receptor
of the imd/Relish pathway. The functions of the different splice forms in the
PGRP-LC gene cluster are of great interest, and I decided to investigate them
by RNAi in the mbn-2 cell culture system. We found out that PGRP-LC exists
in three different variants, all of which share an identical intracellular part and
differ only in the extracellular PGRP domain. We showed that PGRP-LCx is
the most important isoform for the induction of the humoral immunity in
response to both Gram-positive and Gram-negative bacteria. In addition to
that, PGRP-LCa has a more specific function and is needed for the recognition
of Gram-negative bacteria only. Since both isoforms PGRP-LCa and LCx are
crucial for the recognition of Gram-negative bacteria, we suggested that both
act together as a heterodimer. We also could define a 13th gene as a separate
transcription unit in Drosophila melanogaster, which we named PGRP-LF.
The new trend of PGRP research goes now into the direction to show different
binding capabilities to different groups of peptidoglycan. Future studies will
reveal more details about the microbial patterns, which can be recognized by
PGRPs. It is yet too early to generalize the few results obtained so far, and it
should be considered that other molecules than just peptidoglycans could be
possible ligands for some of the PGRPs. It should be pointed out that bovine
PGRP-S can kill microorganisms that completely lack peptidoglycan, and two
beetle PGRPs were shown to recognize both β-1,3-glucan and peptidoglycan.
The fact that Drosophila needs as many as 16 germline encoded PGRP
45

domains allows us to speculate that some of them might bind to other
molecular patterns than peptidoglycan. One of my personal interests is that the
role of LPS in inducing the imd/Relish pathway will be finally ruled out in the
future.
In conclusion, we have seen good evidence that the family of peptidoglycan
recognition proteins plays a key role in recognizing and signalling the
presence of bacteria in insect immunity. The existence of a human PGRP
family, even though smaller than in Drosophila, gave a lot of hope to find
PGRP receptor functions even in mammals. PGRPs which do not display
amidase activity are likely candidates to have receptor functions. From the
mammalian PGRPs, PGRP-Iα, PGRP-Iβ, and PGRP-S are likely candidates
for pattern recognition receptors involved in the activation of the innate
immune response. So far, the Toll-like receptors, CD14, and the Nod proteins
are known to be pattern recognition receptors in mammals, but it would be
intriguing if mammalian PGRPs also would play a role in signalling the
presence of microbes.
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